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This  reseofch  Idenitfles  the  mechontems  responsible  for  lowering  the  tensile 
strength  of  unldiiecttonolpoiyrnerrTKilrixrxxnposItes  at  lowternpeic^  Snce 
the  sttflhess  of  potyiner  matrices  increases  and  toughness  decreases  vvhen  the 
temperature  is  lowered,  meeffeclof  towternperofwe  was  simukiled  by  changing 
the  matrix  stiffness  and  toughness.  Composite  specimens  containing  a  single 
carbon  fiber  embedded  in  an  epoxy  matrix  were  cost.  The  fibers  were  oast  In 
curved  geometries,  and  the  specimens  were  loaded  in  tension.  The  fiber  ond 
Interfocial  failure  processes  were  observed  under  polarized  and  unpolorized 
light  through  an  optical  microscope.  Increasing  the  tmsile  load  on  the  single 
fiber-^xy  specitnens  broke  the  embedded  fiber  brio  small  fragments,  whose 
lengths  were  smaller  In  the  regions  where  the  fiber  was  lying  pwollel  to  the 
loading  axis.  A  significant  fiberAnalrix  Interfocial  debonding,  obsenred  near  the 
broken  fiber  ends  in  all  specimens,  was  much  more  pronounced  when  the  fiber 
was  at  an  angleto  the  loading  axis.  Transverse  tensile  stresses  at  the  interftice 
caused  this  Interfocial  debonding.  Specimens  with  higher  matrix  sttflness  hod 
tong  matrix  cracks  at  the  txokenfiber  ends,  whkrii  were  perpMxlicular  to  the  fibw 
axis.  These  matrix  cracks  fend  to  propagate  perpendicular  to  the  fiber  axis, 
increasing  the  composite's  cold  sensitivity.  The  mojor  conclusions  are  os 
follows:  1)  When  fibers  are  wavy,  they  are  rxri  looded  to  their  lull  capacity 
because  of  premature  interfocial  debondIng  shxted  by  the  interiociai  shear 
stresses  and  the  transverse  tensile  stresses.  The  transverse  tensile  siresses  of 
the  Interface  eve  not  present  in  the  straight  fiber  specimens.  2)  At  higher  stillness 
and  lower  toughness  values,  the  matrix  cracks  emanating  at  the  broken  fiber 
ends  make  the  composite  weaker.  These  two  soiBces  lower  the  strength  of 
unidiredional  composites  at  low  temperatures. 
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PREFACE 
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Effect  of  Matrix  Stiffness  on  Wavy  Fiber  Behavior  in 
Single-Carbon-Fiber-Epoxy  Composites 

MADHU  S.  MADHUKAR  AND  PIYUSH  K.  DUTTA 


INTRODUCTION 

Experiments  on  tensile  loading  of  unidirectional 
coxi^>osite  laminates  at  low  temperatures  have 
shown  diat  the  longitudinal  ten^e  strength  of 
these  composites  drops  at  these  temperatures 
(Dutta  1992).  This  research  program  was  under¬ 
taken  to  identify  the  mechariisms  that  are  respcm- 
sible  for  this  tensile  strengdi  degradation  at  low 
temperatures. 

It  is  generally  believed  that,  in  urtiditectiorud 
composites  widr  a  hig^  fiber  volume  fracticm,  ten¬ 
sile  bdtavior  is  prinuuily  governed  by  the  fiber 
properties.  The  irtfluence  of  the  matrix  or  the  fi¬ 
ber/matrix  interfoce,  or  both,  is  not  considered  to 
be  too  significant  These  assumptions  are  based  (Xi 
rule-of-mixture  types  of  lelationshqis  and  they 
hold  good  for  ten^e  modulus.  However,  for  teit- 
sUe  strength  and  tensile  fiulure  modes,  tire  matrix 
and  interfoce  properties  also  play  a  significant  role 
(Bader  1988,  Madhukar  aitd  Drzal  1991).  Unlike 
die  compressive  failure  of  uniaxial  conqrosites, 
which  happens  suddenly  and  which  is  driven  by 
the  mstability  of  comptessively  loaded  Cdrers,  dw 
Icmgitudiiud  tensile  failure  of  carboir-epoxy  cmn- 
posites  is  a  gradual  process,  Le.,  die  load  carrying 
fibers  start  foiling  at  well  below  the  composite's 
tensile  fiulure  load.  After  die  beginning  of  fiber 
failure,  die  additional  tensile  load  diat  can  be 
applied  to  the  composite  will  depend  up<m  how 
die  hi^  local  stresses  at  the  broken  fiber  ends  are 
transferred  to  die  neig)iboring  fibers.  The  proper¬ 
ties  of  die  matrix  and  interface  govern  diis  stress 
transfer  mechanism  and  thus  die  tensile  strength 
of  composites. 

Anodier  factor  that  may  afiect  the  longitudinal 
tensik  strength  of  coo^iosites  is  fiber  waviness 
diat  may  have  been  intnxluced  during  manufiK- 
ture.  The  wavy  fiber  will  be  nonunifoimly  loaded 
when  the  composite  is  subjected  to  a  ten^e  load. 
In  addition,  dw  interface  also  be  subjected  to 


shear  as  well  as  transverse  tensile  stresses  near  the 
wavy  fibers.  The  interface  is  likely  to  fail  prema¬ 
turely  under  these  combined  stresses.  These  prob¬ 
lems  are  expected  to  be  more  severe  at  low  tem¬ 
perature,  when  die  matrix  has  low  fracture  tough¬ 
ness. 

These  two  issues,  i.e.,  die  efiects  of  matrix  stiff¬ 
ness  and  toughness  and  die  wavy  fiber  geometry 
on  die  fiber  and  interface  failure  process  in  single 
fiber  composites,  were  investigated  to  understand 
the  mechanisms  diat  cause  die  strength  degrada¬ 
tion  at  low  temperatures. 


MATERIAL 

The  fiber  used  in  diis  study  wasa  hi^strengdif 
PAN-based  AS4  gn^hite  fiber.  The  matrix  mate¬ 
rial  was  q>oxy,  whidi  is  a  diglycidyl  edier  of 
bisidienol-A  828,  9iell  Chemical  Com- 

pany)cutedwithmeta-pheyknediamine(m-PDA, 
Aldridi  Chemical  Ccnnpany).  Specimens  were 
made  widi  two  difierent  ratios  of  die  m-PDA 
curing  agent,  namely  145  parts  per  hundred  (phr) 
and  10.0  phr  by  weight  The  epoxy  was  mixed, 
ddmlked  in  a  vacuum  at  75**C  (167°?)  for  about  10 
minutes  and  dien  subjected  to  a  two-step  cure 
cycle  in  air .  In  die  first  cycle,  die  temperature  of  die 
material  was  increased  from  room  tanperature  to 
TS^C  (UT’F)  and  hdd  constant  for  2  hours.  After¬ 
wards,  die  tenqierature  was  increased  again  to  a 
125°C  (257°F)  and  held  constant  for  2  hours.  After 
die  second  dwell  time,  the  heating  cyde  was 
sti^iped  and  die  specimen  was  allowed  to  cool  to 
room  temperature.  The  purpose  of  die  first  dwdl 
is  to  allow  gases  and  odier  volatiles  to  escape  the 
matrix  material  and  to  allow  die  matrix  to  flow. 
The  purpose  of  die  second  dwell  time  is  to  allow 
cross-lit^king  of  die  polymer  to  take  place.  The 
temperature-time  curing  cyde  was  applied  by 
means  of  a  quartz  str4>  heater,  whose  temperature 


Table  1.  Effect  of  the  m-PDA  curing  agent  ratio  on  die  propeitiea  of  matrix  material. 


E  Of 


(GPiO 

(MM 

(%) 

ETON  S2S  cured  with 

4.4 

634 

SO 

72 

Z30 

145%  m-PDA 

ETON  828  cured  with 

4.7 

688 

44 

6.4 

1.27 

10%  m-PDA 


was  controlled  by  a  thermostat  and  a  power  dis¬ 
tributor.  The  temperature-tiine  histories  were  re¬ 
corded  on  a  Macintosh  lid  computer. 


EXPERIMENTAL  PROCEDURE 

In  die  case  of  ETON  828  matrix  and  m-PDA 
curing  agent,  Drzal  et  aL  (1983)  have  shown  diat 
bodi  stifhiess  and  toug^mess  of  die  matrix  can  be 
changed  by  changing  die  amount  of  m-PDA.  In 
this  study,  the  matrix  was  cast  widi  two  difiierent 
ratios  of  m-PDA,  as  mentioned  in  die  Materials 
section.  The  tensile  stress-strain  responses  of  diese 
specimens  were  determined  by  mounting  strain 
gauges  (Micro  Measurement  CEA-0-032UW-120) 
to  these  specimens  and  loading  them  to  failure. 
The  loading  rate  was  0.25  mm/min  (0.01  in./min); 
the  data  were  recorded  on  a  Macintosh  lid  com¬ 
puter;  and  two  specimens  were  tested  for  each  m- 


PDA  ratio.  The  average  properties  of  these  two 
types  of  matrix  materials  are  listed  in  Table  1. 
^presentative  stress-strain  curves  for  these  sped- 
mens  are  shown  in  Figure  1;  the  broken  specimens 
are  shown  in  Figure  2. 

Single-fiber  composite  specimens  with  wavy 
fiber  geometries  were  cast  using  the  two  difierent 
curing-agent-to-matrix  ratios.  A  single  graphite 
fiber  was  passed  through  die  dogbone  cavity  of  a 
silicone  mold  and  the  ends  of  die  fiber  were  ^ued 
to  aluminum  tabs  outside  the  mold  (Fig.  3).  To 
make  specimens  with  wavy  fiber  geometries,  the 
fiber  in  the  mold  was  kept  longer  dian  die  mold 
length.  The  matrix  and  curing  agent  mixture  was 
mixed,  debulked  in  a  vacuum  at  TSX  (167“F)  for 
about  lOminutes and dien poured  into dvedogibane 
cavity  of  die  silicone  mold.  The  single-fiber  com¬ 
posite  was  dien  cured  widi  die  two-step  cyde  in 
air.  One  of  the  problems  diat  was  frequendy  en¬ 
countered  in  fabricating  the  wavy  fiber  specimens 


Figurel.^^cf^hardenernMoonthestress-slntinresponseaf 
EPON  828-m-PDA  matrix.  Lowering  Ore  m-PDA  rtriio  from  its 
stoidhkmetric  value  (14.5  pkr)  results  in  a  st^frr  and  more  brittle 
matrix  material. 


Figure  2.  Fractured  specitnerts  with  strain  gauges. 


was  that,  when  the  matrix  was  poured  into  the 
cavity,  the  wavy  fiber  had  a  tendency  to  attach 
itself  to  the  side  walls  of  the  mold.  To  stop  the  fiber 
from  sticking  to  the  walls,  it  was  carefully  pulled 
away  from  the  walls  by  dragging  it  with  the  help 
of  a  clean  pin.  This  process  had  to  be  repeated 
several  times  during  the  curing  cycle  imtil  the 
matrix  material  started  to  gel.  Once  the  gelation 
started,  the  wavy  fiber  stayed  in  its  place.  Figure  4 
shows  the  wavy  fiber  geometry  pr^uced  by  this 
method  in  one  of  the  specimens  that  was  cured 
with  14.5%  m-PDA. 

In  the  single-fiber  composite  specimens  cured 
with  10%  m-PDA,  an  interesting  phenomenon 
was  observed  in  the  embedded  fiber.  When  the 
cured  specimens  were  examined  under  polarized 
light,  they  showed  another  type  of  highly  regular 


waviness  pattern  (Fig.  5) .  The  wavelengths  of  these 
waviness  patterns  were  much  smaller.  Such  wavi¬ 
ness  was  always  present  in  the  10%  m-PDA  speci¬ 
mens,  but  it  was  never  seen  in  the  14.5%  m-PDA 
specimens.  The  exact  mechanisms  that  causes  such 
a  phenomenon  is  currently  being  investigated. 

The  cured  specimens  were  removed  from  the 
mold  and  loaded  in  a  tensile  loading  fixture  at¬ 
tached  to  an  optical  microscope.  This  jig  allowed 
the  real-time  scaiming  of  the  sj)ecimen  while  it 
was  being  loaded.  The  loading  rate  was  controlled 
by  a  stepper  motor,  which  in  tiun  was  driven  by  a 
computer.  As  mentioned,  the  loading  rate  was  0.25 
mm/min.  The  deformation  and  failure  process 
was  observed  through  polarized  and  impolarized 
lights,  and  the  images  were  recorded  on  a  video 
cassette  and  on  Polaroid  films. 


Graphite  Fiber 


AlununumTab 


Aluminum  Tab 


Figure  3.  Arrangement  used  to  place  fiber  vrith  wavy  geometry. 
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a.  Transmitted  light,  magnification  of250x.  b.  Polarized  light,  magnification  of250x. 

Figure  6.  Fiber  cracks  and  polarized  fringe  patterns  seen  during  the  tensile  loading  along  the  horizontal  line  of  14.5% 
m-PDA  samples.  Figure  6a  shows  fiber  cracks  that  do  not  extend  into  the  neighboring  matrix. 


RESULTS  AND  DISCUSSION 

During  the  tensile  loading  of  all  the  single-fiber 
specimens,  the  fiber  and  interfacial  failure  process 
was  continuously  scanned  under  polarized  and 
unpolarized  light  to  detect  the  location  of  first  fiber 
failure.  Generally,  the  first  crack  appeared  at  a 
lower  applied  load  in  the  lower  stiffness  (14.5%  m- 
PDA)  samples.  This  is  expected  because,  in  the 


lower  stiffness  specimens,  a  given  applied  load 
produces  a  larger  strain.  Figure  6  shows  polarized 
and  unpolarized  photographs  of  the  hber  cracks 
observ^  in  the  14.5%  m-PDA  specimens.  These 
cracks  were  observed  at  an  applied  ter\sile  stress  of 
35  MPa  (5  Kips/in.2).  The  polarized  pictures  (Fig. 
6b)  clearly  indicate  asymmetrical  (with  respect  to 
the  fiber  axis)  fringe  patterns  around  the  broken 
fiber  ends.  The  fiber  cracks  can  be  seen  in  Figure 
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a.  Transmitted  light,  magnification  of 250x.  b.  Polarized  light,  magnification  of250x. 

Figure  7.  Fiber  cracks  and  polarized  fringe  patterns  seen  during  the  tensile  loading  of  10%  m-PDA  samples.  Figure 
7a  shows  fiber  cracks  that  extend  deep  into  the  neighboring  matrix,  thus  producing  needle-shaped  matrix  cracks. 


6a.  These  cracks  are  perpendicular  to  the  fiber  axis  axis,  the  polarized  fringe  patterns  are  as)mMietri- 

and  they  do  not  extend  deep  into  the  matrix  cal  at  the  broken  fiber  ends.  This  indicates  the 

material.  presence  of  a  different  stress  state  around  the 

Figure  7  shows  fiber  cracks  and  the  fringe  pat-  circumference  of  the  fiber,  whereas,  for  the  crack 

terns  for  a  10%  m-PDA  specimen.  These  cracks  that  is  lying  on  a  portion  of  a  fiber  that  is  parallel 

were  observed  at  an  applied  stress  of  52  MPa  (7.5  to  the  loading  axis,  the  fringe  patterns  are  sym- 

Kips/in.2).  Again,  for  ^e  fiber  cracks  lying  on  a  metrical.  These  stress  patterns  can  be  understood 

portion  of  the  fiber  that  is  at  an  angle  to  the  loading  by  examining  how  the  interface  is  loaded  in  the 
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Figure  8.  Interface  tensile  stresses  around  a  wavy  fiber. 


two  different  cases.  When  the  fiber  is  parallel  to  the 
loading  axis,  the  interface  carries  only  the  shear 
stress.  However,  when  the  fiber  is  at  an  angle  to  the 
loading  axis,  it  has  a  tendency  to  align  itself  paral¬ 
lel  to  the  loading  direction.  As  a  result,  the  inter¬ 
face  at  the  wavy  fiber  is  subjected  to  shear  stresses 
as  well  as  the  transverse  tensile  stresses  on  one 
side  and  the  shear  stresses  and  the  transverse 
compressive  stresses  on  the  other  side  of  the  fiber. 
These  transverse  tensile  and  compressive  stresses 
<ire  schematically  shown  in  Figure  8. 

Another  interesting  observation  that  can  be 
made  from  the  results  shown  in  Figures  6  and  7  is 
that,  for  the  specimens  cured  with  10%  m-PDA, 


the  fiber  cracks  extend  deep  into  the  matrix  mate¬ 
rial,  thus  producing  characteristic  long,  needle- 
shaped  matrix  cracks  (see  Fig.  7a).  In  the  14.5%  m- 
PDA  specimens,  the  fiber  cracks  did  not  penetrate 
the  neighboring  matrix  material  (see  Fig.  6a).  The 
specimens  cured  with  10%  m-PDA  contain  the 
matrix  that  has  low  fracture  toughness  or  low 
strain  to  failure  (Fig.  1).  Therefore,  when  the  fiber 
fractures  mside  the  matrix,  the  high  stress  coi\cen- 
tration  at  the  broken  fiber  ends  can  easily  cause  tt\e 
local  hacture  of  the  brittle  matrix  material  and 
produce  sharp  matrix  cracks.  Since  these  cracks 
are  perpendicrdar  to  fiber  axis,  they  must  contrib¬ 
ute  to  fhe  reduction  of  tensile  strength  of  compos- 


a.  Fiber  at  an  angle  to  loading  axis.  b.  Fiber  parallel  to  loading  axis. 

Figure  9.  Growth  (^polarized  fringe  patterns  with  increasing  applied  tensile  load.  Fringe  patterns  are  much  more 
elmgated  far  the  fS>er  sectim  that  is  at  an  angle  to  the  loading  axis.  More  fiber  fragments  are  observed  in  the  fiber 
sectim  that  is  parallel  to  the  loading  axis.  The  loading  axis  is  in  Ihe  horizmtal  directum;  magnificatim  is  100k 
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ites.  In  the  case  where  the  matrix  has  large  strain  to 
huluie,  tfie  hi^  stresses  at  broken  fiber  ends  may 
be  relieved  by  matrix  deformation  or  by  interfacial 
failure,  or  both. 

When  die  tensile  load  on  the  single-fiber  speci¬ 
mens  <x>ntinues  to  increase,  more  and  more  fiber 
fragments  are  created.  In  addition,  the  fringe  pat¬ 
terns  produced  at  the  broken  fiber  ends  are  elon¬ 
gated  and  extended  in  the  direction  away  from  the 
broken  end  (Fig.  9).  The  fringe  patterns  indicate 
high  shear  stresses  near  the  broken  fiber  ends.  The 
high  shear  stresses  result  when  the  matrix  pre¬ 
vents  the  fiber  from  springing  back  after  it  is 
broken.  In  the  portions  of  the  fiber  where  it  is  at  an 
angle  to  the  loading  axis,  there  will  be  both  shear 
str«^  and  transverse  tensile  stress  present  at  the 
fiber  surface,  shown  schematically  in  Figure  8. 
The  transverse  tensile  stresses  cause  the  prema¬ 
ture  failure  of  the  fiber/matrix  interface.  As  a 
result,  when  the  fiber  is  at  an  angle  to  the  loading 
axis,  the  stresses  are  not  efficiently  transferred 
from  die  matrix  to  the  fiber  and  additional  fiber 
fragments  are  not  produced.  Instead,  the  fiber 
matrix  interfacial  failure  propagates  parallel  to  the 
fiber.  This  interfadal  failure  is  indicated  by  the 
narrow  and  much  elongated  fringe  patterns  dong 
die  fiber  length  in  Figure  9a. 

Also  seen  in  Figure  9a  is  a  long  gap  between  the 
broken  fiber  ends.  For  the  regions  where  fiber  is 
parallel  to  the  loading  axis,  such  long  gaps  be¬ 
tween  broken  fiber  ends  were  not  observed.  A 
possible  reason  for  such  a  behavior  is  that  the 
extensive  interfadal  debonding  near  die  fiber  ly¬ 
ing  at  an  2mgle  to  the  loading  axis  makes  the  fiber 
lie  loosely  in  the  matrix  tunnel  (the  evidence  of  a 
matrix  timnel  is  further  given  below).  As  a  result 
the  fiber  can  spring  back  fieely  after  its  failure.  In 
die  regions  where  fiber  is  parallel  to  the  loading 
axis,  Ae  fringe  patterns  are  much  wider,  suggest¬ 
ing  much  less  extensive  interfadal  debonding. 
More  fiber  fragments  ate  produced  in  these  re¬ 
gions  as  the  applied  load  is  increased.  In  such 
situaticms  the  matrix  surrounding  the  fiber  pre¬ 
vents  the  fiber  from  springingback after  its  failure. 
This  suggests  that  the  waviness  keeps  die  fibers 
from  being  loaded  to  their  full  capadty,  thus  re¬ 
sulting  in  die  poor  tensile  properties.  Gwerally,  in 
die  failed  single-fiber  specimens,  there  were  more 
fiber  fragments  in  the  145%  m-PDA  specimens 
than  in  die  10%  m-PDA  specimens.  Such  a  differ¬ 
ence  can  be  attributed  to  the  high  stiffness  and  low 
failure  strain  of  10%m-PDAspecimen.  These  sped- 
mens  may  have  failed  before  the  saturation  of  die 


fiber  fragmentation  process. 

The  applied  tensile  load  m  the  single-fiber  sped- 
mens  was  increased  until  fracture.  Examination  of 
the  failed  ends  of  the  specimen  under  an  optical 
microscope  revealed  a  significant  fiber  pull-out  in 
several  specimens.  An  example  of  one  such  fiber 
pull-out  in  a  14.5%  m-PDA  specimen  is  shown  in 
Figure  10.  Figure  10a  shows  the  matrix  tunnel 
produced  by  the  pulled  out  graphite  fiber;  Figure 
10c  is  the  polari^d  photo  of  Figure  10a.  A  com¬ 
parison  among  Figures  10a,  b  and  c  clearly  shows 
that  when  a  fiber  breaks  during  tensile  loading, 
there  is  a  significant  fiber-matrix  debonding  on 
either  side  of  the  broken  fiber  ends,  i.e.,  the  fiber  is 
loosely  held  in  the  matrix  tunnel.  This  suggests 
that  the  elongated  fringe  patterns  seen  in  Figure  9a 
represent  extensive  fiber-matrix  debonding  near 
the  broken  fiber  ends.  Figure  11  shows  the  matrix 
tunnel  produced  by  fiber  pull-out  in  die  10%  m- 
PDA  specimen.  In  this  specimen,  where  the  matrix 
material  is  relatively  more  britde,  pieces  of  matrix 
material  have  also  been  pulled  out  of  the  broken 
specimen.  These  matrix  pieces  are  seen  emanating 
from  the  needle-shaped  matrix  cracks  Figure  11b. 


CONCLUSIONS 

Experiments  were  conducted  on  specimens 
made  of  a  single  wavy  graphite  fiber  in  an  epoxy 
matrix,  where  the  matiix'sproperties  were  changed 
by  changing  its  ratio  widi  m-PDA  curing  agent. 
Two  ratios — 10  and  14.5% — ^were  selected.  The 
matrix  with  lower  m-PDA  ratio  was  stiffer  and 
more  brittle.  On  die  basis  of  observations  via  an 
optical  microscope  of  the  fiber  and  interface  fail¬ 
ure  process  during  die  tensile  loading  of  these  com¬ 
posites,  the  followingcondusionshavebeen  made: 

1.  Both  lower  and  higher  stiffiiess  samples  pro¬ 
duced  fiber  fragmentation  during  the  tensile  load¬ 
ing. 

2.  The  tensile  loading  of  samples  with  the  more 
stiff  and  britde  matrix  produced  fewer  fiber  frag¬ 
ments.  However,  because  of  the  presence  of  a 
wavy  fiber,  the  fragment  lengdi  varied  signifi- 
candy  along  die  specimen  lengdi  widiin  the  same 
specimen. 

3.  During  the  tensile  loading  of  samples  con¬ 
taining  the  low-toughness  matrix,  long,  needle- 
shaped  matrix  cracks  emanated  from  the  fiber 
broken  ends.  Such  cracks  were  not  observed  in 
samples  in  which  the  matrix  failure  strain  was 
larger.  Since  die  matrix  toughness  decreases  at 
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c  PtAarized 

Fig^re  10.  FiberjniU-out«nd  the  corresponding  matrix  tunnel formed  during  Ote fracture  of  a  145%  m-PDA  sranple 
imagn^icttHon  of 750)d. 


a.  Transmitted  light,  magnification  of250x. 


b.  Polarized  ligfit,  magnification  of 250k 
Figure  11.  Matrix  tunnel  form^  during  the  fracture  of  a  10%  m-PDA  sample. 


low  temperatures,  these  long  matrix  cracks  in  tt\e 
low-tou^mess  matrix  composites  are  believed  to 
be  responsible  for  the  reduction  of  tensile  strength 
at  low  temperatures. 

4.  There  was  significant  interfacial  failure  near 
broken  fiber  ends  in  regions  where  the  fiber  was  at 
an  angle  to  the  loading  axis.  The  interfacial  failure 
was  much  less  extensive  in  areas  where  the  fiber 
was  parallel  to  the  loadiitg  axis.  In  these  regions, 
the  embedded  fiber  broke  into  smaller  fragments. 
The  presence  of  transverse  tensile  stresses  at  the 
interface  in  the  former  case  is  believed  to  be  re¬ 
sponsible  for  the  extensive  fiber/matrix  interfa¬ 
cial  failure. 

5.  The  fractured  specimens  showed  fiber  pull¬ 
out  and  the  corresponding  matrix  tuimel.  This 
suggests  that,  during  the  tensile  loading,  there  is 
extensive  fiber-matrix  debonding  at  the  broken 
fiber  ends. 
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